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Self-sustained current oscillation above 100 GHz in a GaAs/AlAs superlattice E. Schomburg A GaAs/AlAs superlattice with a large miniband ͑120 meV͒ showed self-sustained current oscillation at a frequency of 103 GHz giving rise to microwave emission ͑power 0.5 mW͒. The emission line had a linewidth of about 1 MHz and was tuneable by about 800 MHz. An analysis suggests that the transport in the superlattice was mainly due to electrons in the lowest miniband and that the oscillation was caused by traveling dipole domains. We also observed frequency locking of the current oscillation attributed to a synchronization of domain propagation by the external high-frequency field. © 1999 American Institute of Physics. ͓S0003-6951͑99͒02215-9͔
Semiconductor superlattices with wide minibands, as proposed by Esaki and Tsu, 1 can shows negative differential velocity 2 due to Bragg reflection of miniband electrons. If an electric field in the region of negative differential velocity is applied along the superlattice axis, a spatially homogeneous field distribution is unstable and traveling high-field domains can be formed exciting current oscillation in an external circuit. The occurrence of traveling domains was concluded from the observation of photocurrent transient oscillations induced in an undoped superlattice by picosecond light pulses, 3 and through the microwave emission caused by continuous current oscillation from a doped superlattice. 4 The frequency of the current oscillation was given by the ratio of the domain velocity and the superlattice length. It was shown 5 that the oscillation frequency in superlattices with different miniband widths and almost equal length increases almost proportionally to the peak drift velocity, which strongly depends on the miniband width. So far, the highest frequency of 65 GHz has been reported for a superlattices with a miniband width of 72 meV. 6 In this letter we report on a study of miniband transport in a superlattice ͑at room temperature͒ with a much larger miniband width ͑120 meV͒ and report on self-sustained current oscillation at a frequency above 100 GHz.
A superlattice ͑n doped 9ϫ10 16 cm
Ϫ3
)with 130 periods of 40 Å GaAs and 6 Å AlAs has bene grown on a n ϩ GaAs substrate by molecular beam epitaxy. A device ͓Fig. 1͑a͔͒ was fabricated on the GaAs substrate consisting of one small-area superlattice mesa (10ϫ15m 2 ) and two largearea superlattice mesas (80ϫ100 m 2 );the mesas were provided with ohmic contacts. The substrate was thinned to a thickness of less than 50 m and its reverse side covered with a Ti/Au layer. The device was glued from the substrate side with silver epoxy on a copper block. We used a high-frequency ͑HF͒ probe ͑with a signal and two ground probe needles͒ in order to contact the three mesa elements. Applying a voltage between the contacts of the small-area mesa ͑signal͒ and both large-area mesas ͑ground͒, a current flow occurred from the signal probe needle through the small-area superlattice ͑acting as active mesa͒, the n ϩ GaAs substrate and both large superlattices ͑acting as low series resistance͒ to the ground probe needles.
The HF probe guided broadband, an electromagnetic wave, excited by the current oscillation in the active mesa, to a rectangular waveguide ͑75-110 GHz͒. A three-stub tuner improved the matching between the impedances of the superlattice device and the waveguide. A directional coupler allowed the measurements ͑with a spectrum analyzer͒ of microwave radiation and the coupling of an external HF field to the active mesa. A synthesizer with an external attenuator provided radiation within a bandwidth of less than 100 Hz.
The current-voltage ͑I-V͒ characteristic ͓Fig. 1͑b͒, solid line͔ of the active mesa showed ohmic behavior at small voltages, a current maximum and, at higher voltages, a negative differential conductance ͑NDC͒ with current jumps. For the maximum current, a peak current density of about 110 kA/cm 2 and a peak drift velocity of about 75ϫ10 5 cm/s were estimated. Microwave emission was observed at voltages from 1.4 up to 2.4 V. Between the first and second current jump ͓marked as region 1 in Fig. 1͑b͔͒ broadband emission around 103 GHz ͑bandwidth several 100 MHz͒ occurred; after the second current jump ͓region 2 in Fig. 1͑b͔͒ a narrower line was found. The emission line in region 2 ͓Fig. 2͑a͔͒ had a center frequency near 103 GHz with a linewidth of about 1 MHz. By changing the position of the tuner stubs, the output power was optimized. We found a maximum power of about 0.5 mW, which corresponded to a conversion efficiency from direct-current ͑dc͒ to HF power of 0.3%.
We attribute the microwave emission to a current oscillation excited by propagating dipole domains. According to a simulation 5 based on the Poisson equation, the continuity equation, and an Esaki-Tsu drift-velocity field characteristic, 1 a dipole domain forms at the cathode and propagates through the superlattice. Near the anode the domain is quenched, causing a current spike in the external circuit and another domain appears at the cathode. This process periodically repeats leading to a current oscillation with a transit frequency f Ϸ0.7v p /L, where 0.7v p is the domain velocity and v p the peak drift velocity. The frequency observed in our experiment is in reasonable agreement with the calculated transit frequency.
An external HF field ͑power: 100 nW͒, applied to the superlattice device with a driving frequency close to the oscillation frequency of the superlattice, resulted in a frequency-locked oscillation at the driving frequency. The locking of the oscillation was indicated by a narrow-band microwave emission ͓Fig. 2͑b͔͒ having almost the same power as that observed for the free oscillation. The linewidth of the locked oscillation ͓inset of Fig. 2͑b͔͒ was less than 100 Hz, which is ͑within the frequency resolution of our spectrum analyzer͒ equal to the linewidth of the external source. Frequency locking was found within a locking range of about 1 MHz.
The free oscillation in region 2 was almost linearly tuneable ͓Fig. 3͑a͔͒ by about 800 MHz. The power ͓Fig. 3͑b͔͒ decreased by about a factor of six over the whole tuning range. At present, we have no explanation for this tuning behavior.
We attribute the transport to free electrons in the lowest superlattice miniband. Using a modified Kronig-Penney model, 7 we found a miniband width of about 120 meV. We calculated the current-voltage characteristic of the active superlattice mesa using the Esaki-Tsu I-V characteristic, 1 taking into account the electron distribution at 300 K 8 and both elastic and inelastic scattering. 9 The I-V characteristic is given by Iϭ2I p V/͕V c ͓1ϩ(V/V c ) 2 ͖, where acteristic ͑Fig. 1, dashed line͒ gives a good description of the main parameters (I p , V c ,and small-field conductance͒ of the experimental curve and also showed an NDC. Our analysis delivered Ϸ150 fs, ⑀ Ϸ0.3ϫ10 13 s
Ϫ1
, and el Ϸ1.2ϫ10
. We suggest that the inelastic scattering at room temperature was due to interaction with optical phonons, 10, 11 while the elastic scattering was caused by the interface roughness between the GaAs and AlAs layers as discussed for other superlattices. 11, 12 For voltages larger than the voltage of the first current jump ͓Fig. 1͑b͔͒ our calculation is no longer valid, because the field along the superlattice is not homogeneous and propagation dipole domains occurred.
We attribute the frequency locking of the current oscillation to a synchronization of the domain propagation in the superlattice by an external HF field. Within a small range of the driving frequency ͑locking range͒ the domain velocity was adjusted by the external field leading to a driven transit frequency equal to the driving frequency. Assuming that the linewidth of the free oscillation was mainly determined by fluctuations of the domain formation and propagation, the synchronization would lead to a suppression of the fluctuation, and, therefore, to a drastic decrease of the emission linewidth. Outside the locking range, the external field disturbed the domain propagation by slightly varying the domain velocity in each period causing an emission line with a width comparable to, or larger than, the linewidth of the free oscillation.
Our experiment indicates that the output power of the free oscillation depended on the position of the tuner stubs, i.e., the load impedance delivered to the superlattice device. We believe that an improved impedance matching should lead to a further increase of the output power. However, more experiments are needed to determine the power levels and efficiencies that may be expected from superlattice devices.
In comparison with our superlattice device, a GaAsAlAs resonant tunneling diode ͑RTD͒ oscillator produced an order of magnitude less power ͑15 W at 112 GHz͒ 13 at about the same efficiency. The output power is limited by the use of RTDs with a small cross section ͑below 100 m 2 ), which is necessary in order to match the impedance of an RTD ͑having an I-V curve with a steep slope in the NDC region͒ to normal circuit impedances ͑e.g., 50 ⍀͒. 13 Such a limit does not exist for a superlattice device because the NDC occurs over a range of several volts ͓Fig. 1͑b͔͒ making the device impedance much more suitable for matching with an external circuit.
In comparison with a GaAs Gunn diode, a superlattice device can exhibit a current oscillation at a higher fundamental frequency. The negative differential velocity in a Gunn diode is based on electron transfer from a central conduction band minimum to satellite minima: this transfer is characterized by electron acceleration and energy relaxation times on the order of 1 ps 14 imposing a fundamental frequency limit of below 100 GHz for a GaAs Gunn device.
14 The superlattice device can be operated at a fundamental frequency above 100 GHz, which is possible due to an order of magnitude shorter average relaxation time ͑0.15 ps͒. 9, 15 In conclusion, we have shown that a GaAs/AlAs superlattice with very thin barriers ͑2 monolayers͒ can emit highfrequency radiation with a frequency above 100 GHz and with a high-frequency power of 0.5 mW. The oscillator based on our superlattice device had a much larger output power than available from the best reported GaAs-AlAs RTD oscillator and was operated in a fundamental harmonic mode at higher frequencies than a GaAs Gunn oscillator. E.S. acknowledges financial support from the EC ͑IN-TERACT Project: FMRXCT 960092͒. This work has been supported by the EPSRC of the UK. We thank J. Middleton and J. Digby for their help an advice during the device processing.
